The purpose of this study was to demonstrate selective visualization of pulmonary arteries and veins with high spatial resolution for improved detection of vascular pathologies. Time-resolved pulmonary three-dimensional gadolinium-enhanced magnetic resonance angiograms (3D-Gd-MRA) were acquired with an ultrashort 3D fast lowangle shot (FLASH) sequence (TR/TE 2.3/0.9 msec) using asymmetric k-space sampling in readout, phase-encoding, and partition directions. In a single breath-hold four consecutive acquisitions were performed with a scan time of 6.28 seconds for each phase. A spatial resolution of 1.9 ؋ 1.4 ؋ 2 mm 3 could be achieved for a 12 cm thick 3D volume. To exploit the intrinsic enhancement kinetics of the pulmonary vascular system, the infusion of two gadolinium chelate boli was synchronized with the acquisition of the first and third data sets. This infusion strategy created two predominantly pulmonary arterial and venous data sets with the arterial and venous signal being maximally anti-correlated in time. A further separation of arterial and venous signal could be achieved by means of a correlation analysis. Eight patients with suspected thrombi in the pulmonary veins were studied. The calculated correlation angiographies provided high-quality pulmonary arterioand venograms. Background signal was completely eliminated, allowing maximum intensity projection analysis of the full data set. In 7/8 patients no venous contamination of the arterial phase and vice versa was found. Patency of the pulmonary arteries and veins could be reliably assessed to the level of the segmental vessels. The combination of ultrafast multiphase 3D-Gd-MRA and dual-bolus injection with a correlation analysis of vascular signal provides high-resolution pulmonary arterio-and venograms. This imaging strategy initiates a new competitor to X-ray angiography. J. Magn. Reson. Imaging 1999;10:339-346.
SELECTIVE VISUALIZATION of the pulmonary arteries and veins in high spatial resolution has been the domain of conventional X-ray angiography. Drawbacks of this technique are its invasiveness, the use of nephrotoxic contrast media, and exposure to ionizing radiation. Magnetic resonance angiography has so far not allowed selective pulmonary angiography. The traditional techniques (including time-of-flight and phasecontrast angiography), with long acquisition times, were substantially limited by motion artifacts, inplane saturation, and intravoxel dephasing. In particular, this affected visualization of small vessel details.
With the introduction of three-dimensional gadolinium-enhanced magnetic resonance angiography (3D-Gd-MRA), the limitations of non-enhanced MRA were overcome (1) . For the first time, high-resolution pulmonary angiograms could be acquired in a single breathhold without use of nephrotoxic contrast media and radiation exposure. 3D-GD-MRA has already been established as a safe and reliable technique for the detection of pulmonary embolism (2) . However, overlay of arteries and veins in single-phase acquisitions with scan times of over 20 seconds affects the diagnostic reliability, particularly if assessed by the maximum intensity projection (MIP) algorithm. Several clinical scenarios require a dedicated selective assessment of pulmonary arteries and veins. In 30% of young patients with cerebrovascular accident (CVA), no underlying etiology is found (3) . In these patients, pulmonary venous thrombosis has been suspected as the source of emboli, which was confirmed by autopsy in some cases (4) . For accurate surgical planning in patients with pulmonary arteriovenous malformations or bronchial carcinoma, a detailed analysis of the arterial and venous pulmonary vasculature is mandatory.
Multiphase angiography with very short acquisition times in each of the single time-resolved phases has produced pure arterio-and venograms of the lungs at the cost of substantially lower spatial resolution and anatomic coverage (5) . In this work, we introduce a new concept for pure arterial and venous pulmonary 3D-GD-MRA with high spatial resolution combining multiple bolus contrast media injections and multiphase 3D-GD-MRA with longer scan times for each single phase.
MATERIALS AND METHODS
All measurements were performed on a 1.5-T MR system (Magnetom Vision, Siemens Medical Systems, Iselin, NJ), equipped with a resonant echoplanar imaging (EPI) gradient overdrive (maximum gradient strength 25 mT/m, shortest rise time to maximum 300 µsec). All exams used the standard four-element phased-array body coil, centered on the chest. Aliasing from the patient's arm was suppressed by using copper mesh pillows. The pulmonary arteries were localized with T1-weighted fast low-angle shot (FLASH) breath-hold sequences in coronal and sagittal orientation. Next, multiphase 3D-Gd-MRA was carried out. The anterior margin of the 3D scan volume was positioned at the middle of the long heart axis. Posteriorly, as much of the pulmonary vasculature as possible was covered within the defined scan volume. To obtain pure pulmonary arterio-and venograms, the multiphase 3D-Gd-MRA technique was optimized in terms of acquisition time, contrast infusion, and post-processing as described below.
Multiphase 3D-Gd-MRA Acquisition
The key issue for time-resolved multiphase pulmonary angiography is the trade-off in spatial resolution and anatomic coverage for shortening of the acquisition time of each phase. Analysis of pulmonary enhancement kinetics shows that in healthy individuals there is only a short time window of approximately 3 seconds during which only the pulmonary arteries are enhanced (Fig.  1) . With increasing acquisition time per phase, pulmonary arteries and veins enhance within the same image, and it becomes impossible to separate them on the basis of their enhancement kinetics. The acquisition parameters were therefore set in such a way that in the individual scan phases at least predominant enhancement of either arteries or veins occurred and at the same time spatial resolution and anatomic coverage was maximized. An ultrafast 3D FLASH sequence with asymmetric k-space sampling in readout, phase-encoding, and partition directions and a partially self-refocusing radiofrequency pulse was used (TR/TE 2.3/1.1 msec, bandwidth ϭ 950 Hz/pixel). This type of sequence has been previously described in detail (6) . In brief, with this sequence only five-eighths of full k-space is acquired, starting about one-eighth before k-space center to preserve some high spatial frequency information. A 26 ϫ 35 cm field of view and a 12 cm 3D slab thickness was chosen to be sufficient for anatomic coverage. Within this volume, 90 phase-encoding and 30 partitionencoding steps were performed, resulting in a voxel size of 1.9 ϫ 1.4 ϫ 2 mm 3 after zero-filling and a scan time of 6.28 seconds. In a single breath-hold four consecutive acquisitions were performed.
Multiple-Bolus Contrast Infusion
The minimum scan time of 6.28 seconds, which still allows adequate anatomic coverage and spatial resolution, is too long to ensure pure arterial phase angiograms without venous overlay. Therefore separation of arteries and veins was further improved by exploiting the intrinsic enhancement kinetics of the pulmonary system. Previous studies have shown that a smaller dose of contrast media administered with higher infusion rates substantially improves the bolus profile, with faster onset of peak enhancement and faster complete washout at no cost in maximum signal (5) . In a multiphasic acquisition, which is perfectly synchronized with the kinetics of the contrast agent, this can be appreciated as a sequential on-off signal course in the pulmonary arteries and veins. If the fast contrast infusion is repeated several times during the odd number of scan phases, a characteristic signal-time course for arterial and venous vessel can be obtained. Arterial signal is at maximum directly after contrast media injection, while venous signal is low. In Fig. 2 , arterial signal is decreased and veins appear maximally bright. In the approach presented two contrast boli (each 0.1 mmol/kg body weight gadopentetate dimeglumine [Magnevist] ) were administered by automated infusion (Tomojet CAI, Doltron/Bruker) with an injection rate of 5 ml/sec (Fig.  2) . To ensure high injection rates and a well-defined bolus profile, at least 16 G angiocaths were placed (7) . The repetitive injections were synchronized with the first and third scan phase using programmable delays for the start of the pulse sequence and mechanical infusion. The exact delay time (TD) between the start of the infusion and the arrival of the contrast bolus in the main pulmonary artery was determined by a test bolus injection of 1 ml of gadolinium chelate administered during axial single-slice imaging with a TurboFLASH sequence (TR/TE 8.5/4 msec, inversion recovery time ϭ 100 msec, 1 image acquired per second). With this design, arterial and venous signals are completely anti-correlated in time, enabling complete separation by means of correlation analysis post-processing (Fig. 3) .
Cross-Correlation Maps
The data were transferred to an offline workstation and analyzed with a dedicated post-processing program Figure 1 . Signal-time course in the pulmonary vascular system after infusion of a test bolus of 1 ml gadopentetate dimeglumine at a rate of 3 ml/sec. There is only a small time window of about 3 seconds (gray area) between substantial enhancement of the right inferior pulmonary artery and the corresponding vein.
using a modified correlation analysis (Fig. 4) . The correlation algorithm for evaluation of 3D data sets has recently been described in detail (8, 9) . In general, correlation analysis allows comparison of a signal-time course in a reference location with that of a target area. If the reference function and the target function for the signaltime course are identical, the correlation is perfect, and the cross correlation coefficient c is 1. In case of an inverse signal-time course for the reference location and the target location, c equals Ϫ1. In practice, the correlation coefficient c is located somewhere between these two extreme cases of perfect positive or negative correlation. For application of the correlation algorithm to MRA, not the cross correlation coefficient c, but the product of c and a scaling factor is used, which reflects the mean signal intensity at this location (8, 9) . Furthermore, anti-correlated signal-time courses are suppressed by setting all negative signal values to zero. In each location of the four 3D data sets acquired by multiphase 3D-GD-MRA, the modified cross correlation between the local signal-time course and a characteristic arterial or venous reference signal-time course was computed. For the arteriograms, the main pulmonary artery at the level of the bifurcation was mostly chosen as the reference function; for the venograms the right inferior pulmonary vein before entering the left atrium was usually used. An attractive feature of the correlation algorithm, which is maintained in the modified definition, is the intrinsic suppression of static signal. Therefore, background tissue with a constant signal-time course appears black in the correlation maps.
Image Analysis
Coronal and oblique MIP images were calculated from the arterial and venous correlation maps in multiple 15°a ngles. For each MIP image the complete 3D data set was used including the marginal partitions, which are Figure 2 . Timing scheme of the multiple-bolus multiphase 3D-Gd-MRA concept. The infusion of two contrast agent boli (0.1 mmol/kg bodyweight at 5 ml/sec) is synchronized with the start of the first and third phase (ART) of a multiphasic 3D-Gd-MRA acquisition. A variable time delay (TD) between start of infusion and image acquisition is set to ensure arrival of the contrast media (CM) in the pulmonary arteries at the beginning of the first phase and third phase (ART). This time delay is defined by a prior test bolus sequence using 1 ml of contrast (at 5 ml/sec). The signal curve for the test bolus in the main pulmonary artery (continuous line) as well as the ascending aorta (dashed line) is shown. Each contrast infusion is followed by a continuous flush of normal saline (NaCl). During this time the contrast bolus has been propagated into the pulmonary veins, while the second and fourth phase (VEN) of the multiphase scan are acquired. Resulting measured enhancement pattern of pulmonary arteries (᭹) and veins (ᮀ) in a series of four multiphasic images using the multiple-bolus concept described in Fig. 2 . Note that in the first and third phases of the multiphasic acquisition (at 6 and 19 seconds after sequence start) the arterial signal is at maximum while the venous signal is low. In the second and fourth phases (at 13 and 25 seconds after sequence start) a reversed pattern is found, and arterial and venous signal-time courses are highly anti-correlated. Overall, a slight increase in baseline signal is noted due to recirculation of the contrast agent. typically omitted in a MIP reconstruction due to incomplete background suppression. The resulting pulmonary arterio-and venograms were assessed by an attending interventional radiologist in terms of vessel visibility, venous/arterial overlay, and breathing/cardiac motion artifacts. Vessel visibility was defined in agreement with previous studies by a semiquantitative score from 1 to 5 (6): 1 ϭ vessel segment not identified, 2 ϭ vaguely identified, 3 ϭ identified, but poorly and incontinuously defined, 4 ϭ clearly and continuously identified, but indefinite evaluation of patency, and 5 ϭ clearly identified with definite evaluation of patency. Vessels up to the segmental level were evaluated. Venous/arterial overlay and breathing/cardiac motion artifacts were graded on a scale from 1 to 3: 1 ϭ none, 2 ϭ minor, not affecting a diagnostic evaluation, and 3 ϭ major, substantially affecting a diagnostic evaluation. The data of all patients were then cumulatively analyzed for each criterion by calculating the mode score.
Study Design
The study protocol was approved by the institutional review board, and informed consent was obtained for all patients. In an ongoing study, eight patients (five male, three female; age range 31-61 years, mean age 48 Ϯ 10 years) have been evaluated. All patients were referred from the Department of Neurology and presented with status post cerebrovascular agents within the previous 7 days. All patients were found negative by extensive diagnostic workup for any potential source of emboli. The workup included Doppler studies of the carotids, a ventilation/perfusion scan, and echocardiography.
RESULTS
In all patients, the multiple-bolus multiphase approach could be performed, and correlation maps were calculated. The vessel visibility scores for all pulmonary arteries and veins, as assessed by the mode score of all patients, are listed in Tables 1 and 2 . In Table 3 , the vessels are grouped into major territories. A diagnostic vessel visibility (grade 5) was the most common finding in almost all arterial vessels up to the segmental branches. Only the superior segmental arteries of the right and left lower lobes revealed a substantially lower mode score. These vessels were most commonly only identified incontinuously. For the veins, a diagnostic vessel visibility was found for all branches of the right lung. In the left lung, the visibility of pulmonary was overall substantially less, revealing only an incontinuous vessel definition as the most common finding (Tables 2, 3) . Venous overlay on the arterial correlation maps was most commonly considered absent (grade 1) as assessed by the mode score of all patients. In the venograms, no arterial overlay was found. While breathing artifacts were considered only mild, cardiac motion artifacts most commonly substantially degraded (grade 3) the evaluation of the lower lobe vessels. Another artifact limiting the diagnostic evaluation was aliasing of the enhanced brachial/subclavian artery into the field of view cranial to the upper margin of the copper mesh pillow, thereby superimposing on the pulmonary vessels. This was noted in all patients, but it only occurred in the arteriograms since the brachial/ subclavian vein had the same signal-time course as the pulmonary arteries. Similarly, the left ventricle, the aorta, and the greater vessels revealed the same enhancement kinetics as the pulmonary veins and thus could not be eliminated in the correlation maps. While the upper pulmonary veins could usually be easily separated from the aorta and greater vessels in oblique views, the lower left veins were commonly indistinguishable from the left ventricle.
In none of the pulmonary veins revealing diagnostic vessel visibility (grade 5) were definite signs of thrombosis, such as hypointensities in the vessel with a fine enhanced rim or interruptions of the vessel with distal reconstitution, found. Complete distal interruptions of vessels close to the margins of the 3D slab without reconstitution as well as inhomogeneities in vessels with an overall poor visibility score were not taken into account. Figure 5 and 6 show the pulmonary arterioand venogram of a patient in a coronal and an oblique view.
DISCUSSION
The image quality of 3D-Gd-MRA has remarkably improved within the last few years up to a point at which vascular pathologies are detected with accuracy similar to that in conventional X-ray angiography. This is partially related to the use of faster sequences, which allow higher resolution scans within a breath-hold acquisition. In addition, optimized strategies for bolus timing and acquisition during maximum arterial gadolinium concentrations have substantially contributed to consistently high image quality. However, the problem remained of imaging separately structures with rapid sequential enhancement. This includes imaging of pulmonary arteries without overlay of veins or renal arteries without overlay of renal parenchyma.
Ultrafast multiphasic acquisition addresses this issue by sequential acquisition of a multiple 3D data set during various stages of contrast enhancement (5,6). Only arterial structures with almost identical enhancement kinetics including the left ventricle and the thoracoabdominal aorta with the greater vessels are not eliminated in the correlation maps. In the right lung, all segmental veins of the upper, middle, and lower lobe are continuously seen with definite evaluation of patency. The proximal segments of the right upper, middle, and lower lobe vein are masked by overlay of the ascending aorta in the coronal view but can be definitely evaluated for patency in the oblique views. In the left lungs, all segmental veins including those of the lower lobe reveal a diagnostic vessel visibility. However, overlay of the descending aorta masks the evaluation of the left central veins, even in the oblique views. No signs of thrombi were found in the vessels with diagnostic visibility. The bright spot in the left lung is a centerline artifact, which could not be completely suppressed by the correlation algorithm.
This time-resolved approach was originally introduced on systems with low gradient performance and therefore long repetition times. Extensive post-processing was necessary to interpolate the few sampled data to several time frames (10) . With the availability of highperformance gradients, multiphase angiography has become feasible without long reconstruction times. The use of ultrashort repetition times of less than 4 msec allows direct sampling of the data at a much higher rate. In combination with asymmetric k-space sampling, the acquisition time can be further reduced at only a minor cost to spatial resolution. In previous studies, multiphasic acquisitions have demonstrated encouraging results for the acquisition of pure pulmonary arteriograms.
One drawback of multiphasic acquisitions is that the high frame rate does not allow the same spatial resolution to be obtained as in single-phase studies. This becomes particularly important if the time window between the enhancement of different vessels is extremely short, such as in the pulmonary system. In the concept presented the acquisition time per time frame was therefore extended to twice the time of pure arterial enhancement. To maintain separation between the arterial and mixed arteriovenous phase, the intrinsic enhancement kinetic of the pulmonary vascular system was exploited as a second discriminating criterion. While large volumes of contrast with low infusion rates result in an almost sequential enhancement of pulmonary arteries and veins, smaller doses with high infusion rates create an anti-correlating enhancement pattern of pulmonary arteries and veins. Based on this enhancement pattern, pure pulmonary arterio-and venograms could be extracted by means of a correlation analysis.
Correlation analysis is widely used in neuro-functional MRI (fMRI) to reduce the amount of data acquired in a fMRI time series and to quantify the statistical significance of the results (11) . Recently, correlation analysis has been introduced to time-resolved 2D and 3D multiphasic acquisitions after contrast agent injection (8, 9, 12) . Here, correlation analysis is used to compare the signal-time course of a vessel structure of interest with a reference function. In the modified definition of the correlation coefficient used in this work, several essential features of the correlation analysis are still maintained. First, anti-correlation manifests in a negative value of the correlation coefficient, which is utilized to suppress vessel structures selectively with anti-correlated signal behavior by setting all negative values to zero. Second, static background signal with no variation in enhancement over time is maximally suppressed. This is particularly important in fast 3D acquisitions, in which short repetition times are achieved by reducing the duration of the radiofrequency pulses, which results in increased background signal intensities at the margin of the 3D slab. These signal inhomogeneities substantially limit evaluation of the whole 3D volume by the MIP algorithm. Third, an improved signalto-noise ratio can be achieved in arterial and venous correlation maps, because all images of the time series are used for data evaluation, compared with standard image subtraction of the arterial from the non-enhanced or arteriovenous phase, in which only two data sets are used.
Discrimination between vessels with an anti-correlating enhancement pattern increases the more time points are available. In fast 2D acquisitions with sub-second acquisition times, hundreds of different time points can be obtained for a particular region of interest. With 3D techniques, only a few time frames are acquired in a breath-hold. Nevertheless, the anti-correlating pattern created by the combination of four different time frames and dual-bolus injection proved to be sufficient for arterial and venous correlation maps.
The combined approach presented (multiphase angiography, dual-bolus injection, and correlation analysis) allows creation of pure arterio-and venograms with decent anatomic coverage and a spatial resolution of about 2 mm. In the reader analysis the vessel patency could be evaluated to the level of the segmental vessels. Most segmental vessels still revealed the maximum vessel conspicuity score with definitive evaluation of patency. Only the most anterior and posterior vessel segments were not reliably seen. This is related to the limited anatomic coverage of the 3D slab. In addition, cardiac motion substantially affected assessment of the lingula and left lower lobe vessels. Breathing artifacts were usually considered mild, since all patients could hold their breath during the total scan time of 24 seconds. However, this might be biased since rather young patients were studied who were not acutely ill. In none of the patients did substantial venous overlay occur in the pulmonary arteriograms.
The most challenging part of the technique was exact initiation of the scan during maximum arterial enhancement in the pulmonary artery. Particularly when the first phase proved to be timed too early, the subsequent phases would not follow the intended enhancement pattern. Automated or semiautomated detection of contrast media arrival such as the Smartprep technique (13) or MR fluoroscopy (14) might be helpful to overcome this limitation. Alternatively, the frame rate could be increased to acquire at least one optimally enhanced arterial phase for each bolus administered. Radial projection k-space acquisition schemes are particularly suited to reconstruct multiple time frames from a limited number of views (15) . However, so far these techniques require off-line post-processing and might be prone to streak artifacts.
The diagnostic workup of many pulmonary diseases could be facilitated with a non-invasive, safe technique that allows pulmonary arterio-and venograms to be acquired in a single breath-hold. Surgical planning could benefit from the selective 3D visualization of arteries and veins compressed or invaded by centrally growing tumors. The different components of arteriovenous malformations including feeding and draining vessels could be selectively visualized, and the rate of contrast fill-in and transit could be assessed. This also includes monitoring of the lesion after interventional embolization. Selective venograms are particularly useful to assess the pulmonary venous system for thrombi. In patients status post cerebrovascular accident of unknown etiology, pulmonary venous thrombi have been suspected as a result of local stasis after recent pneumonia. Currently, these patients face indefinite long-term anticoagulation without proof of any underlying cause of emboli. In our ongoing study, no pulmonaryvenous thrombi have been detected so far, which could be related to the small number of patients studied. In addition, only veins up to the order of segmental branches with diagnostic vessel visibility were evaluated for definitive criteria of thrombus. Small thrombi in subsegmental veins as well as in larger veins with poorer vessel visibility might be overlooked.
In summary, the combination of time-resolved multiphasic acquisition, modified infusion protocols tailored to exact enhancement kinetics of the vascular territory, and dedicated post-processing such as correlation analysis is able to visualize different pulmonary vascular segments selectively during a single breath-hold exam. The spatial resolution and anatomic coverage are already decent. If it is further improved, this technique will represent a strong competitor for conventional X-ray digital subtraction angiography.
